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One aspect of designing, optimizing and applying neuro-regeneration technologies is having a sound understanding of the underlying injury or disease that requires regeneration. One possible way to achieve this level of understanding is through the study of damage or disease using "computational brain models." The types of computational brain models vary depending on the physics of interest. For example, biomechanical modeling solves Newton\'s second law using continuum mechanics with the primary objective to understand how external forces are translated through the tissue that may cross some injury thresholds, while models in computational neuroscience commonly solve the Hodgkin-Huxley system of equations to model electrical signal propagation in individual neurons connected into networks. Other fields where modeling is used include neuropharmacology, brain cancer modeling, mechanobiology, neuro-disease, behavioral modeling, and vasculature modeling. However, all of the modeling used in these fields suffer the problem of bridging length and time scales ranging from the whole brain organ to cellular or sub-cellular regimes. The method we describe in our recent paper (Garimella and Kraft, 2016) employs the embedded element method to computationally model axonal bundles in the brain, and we propose that the approach can help us bridge length scales, thus providing a possible linchpin for connecting all of these diverse modeling approaches. Here, we share some perspectives of the method.

As a start, we applied this method to quantify the biomechanical injury response of the brain. At present, there is no gold-standard, or widely accepted manner, to diagnose a mild traumatic brain injury or concussion in a quantitative fashion. In recent times, axonal strain (strain along axonal tracts) is gaining more prominence as a reliable injury threshold with more and more people from the biomechanics community using it to define injury. The damage predicted by this criterion might also be a more accurate damage measure as it is a more physiologically relevant injury criterion (Wright et al., 2013). While our recent paper focuses on the prediction of axonal injury, we would like to emphasize again that the application of this method should be considered as a first step towards the development of next generation computational brain modeling where multiple time and length scales, as well as physics, can be coupled together.

Essentially, the model includes a high-resolution finite element (FE) model of the human head with an explicit finite element mesh of the axonal fiber network superimposed through the embedded element technique. These finite element meshes were developed (independently) using the patient-specific magnetic resonance imaging and diffusion tensor imaging (DTI) data. Over the years, attempts have been made to leverage DTI to develop multi-scale finite element models to investigate axonal injury (a summary provided in our publication (Garimella and Kraft, 2016)). However, most of these studies used an averaging technique while transferring the axonal direction information from DTI to the FE models thus compromising the data transfer process. In our approach, we used an explicit representation of the axonal fibers. The novelty of this work lies in the application of the embedded element approach to incorporate explicit axonal tractography into human head finite element models.

Embedded Element Technique in Structural Brain Mechanics {#sec1-2}
========================================================

In this technique, the axonal fiber information, obtained from DTI, was converted into an explicit finite element mesh by discretizing the axonal fibers into smaller segments and converting these segments into "truss" type finite elements. Thus a single fiber consists of many truss elements. Then, the collection of connected truss elements making up the fiber network is embedded into the head model (developed using reported methods) using a global-to-local element constraint. This is a mesh superposition constraint where the embedded nodes follow the displacements of the host nodes (which make up the brain matrix), thereby projecting the strains from tissue onto the axonal pathways. At the same time, a reverse coupling phenomenon takes place where the stiffness of the host elements is increased by the stiffness of the fibers (in their respective directions) -- thus imparting the much-needed anisotropic nature to the brain tissue.

To demonstrate the applicability of this method, in our publication (Garimella and Kraft, 2016), a finite element model of the human head with explicit axonal fiber tracts was developed and verified against published experimental scenarios (pressure and displacement). Once verified, this model was subjected to concussive loading conditions experienced by a real life football player. The damage predicted by the model matched well with other studies, thus strengthening our confidence in the model. One interesting observation from this study is the huge differences (location and extent) in injury predicted by different injury criterion for the same loading conditions. Secondly, we have found that the injury experienced by a patient depends on the direction of loading as well as the patient specific axonal architecture --thus emphasizing the importance of developing patient-specific finite element models in investigating injury. **[Figure 1](#F1){ref-type="fig"}** shows the axonal strains obtained along the different axonal fiber tracts located in the corpus callosum region of the brain for a concussive loading scenario (Ji et al., 2015). This image is taken from our recent publication (Garimella and Kraft, 2016).

![Mechanical strains experienced by the axonal fiber tracts in the corpus callosum region of the brain for a concussive loading impact (Ji et al., 2015).\
This image is taken from our recent work here (Garimella and Kraft, 2016) and more details about this image can be found in this publication.](NRR-12-23-g001){#F1}

The advantages of the application of embedded element technique include avoiding fiber direction averaging methods (improving data transfer process from DTI to FE models), avoiding complex phenomenological models (Garimella et al., 2014) and incorporating explicit models of axonal fiber tracts. Apart from the above advantages, we believe that this embedded element method is important because it enables us to resolve the dynamics at the axonal fiber bundle length. The fiber length scale might be considered as the mesoscopic level of the brain (where the cellular level could be considered the microscale). Thus, by quantitatively modeling the transfer of loads from external loading down to the tract level the method may enable us to carry out the cellular level modelling efforts with more accurate loading and boundary conditions -- thus bridging the gap between the macro and micro biomechanics of brain. From an injury perspective, these tracts can be used in studying the evolution of axonal injury, thus bridging a significant gap between engineering and medical imaging.

The approach described (and the model developed) enables us to track the mechanical response of the more anatomically significant axonal fiber tracts. For example, investigation of the injury response of uncinate fasciculus (a white matter tract connecting orbitofrontal cortex to the temporal pole and is responsible for attention, memory, and language related functions) might provide us with new insights into the memory and attention deficits observed in mild TBI subjects (Papagno, 2011). This fiber-based approach also enables us to incorporate damage functions at the tract level and thus permitting the study of the evolution of damage accumulated due to repeated sub-concussive impacts or blasts over time. With the advancement of imaging techniques like diffusion spectrum imaging (where fiber crossing is more frequent), this method is particularly useful as it offers no limitation of the number of fibers that can be incorporated into a particular finite element. The mathematical formulation of this approach also allows us to include slip behavior on to the axonal fibers -- thus enabling us to develop models with a non-affine projection of strains in the axonal tract direction. In future, the head model developed here (once validated using medical imaging to establish confidence in prediction capability of the model) could be used in clinical environments as an injury prediction tool to locate injury (Garimella and Kraft, 2016).
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While we applied this embedded element method to study the injury biomechanics of brain tissue in our published paper (Garimella and Kraft, 2016), our new perspective is gained by imagining where else this method could be applied. With the exception of axonal injury and structural mechanics, none of the other proposed modeling areas were discussed in the previous publication. For example, in some studies involving chronic traumatic encephalopathy (CTE), electro-magnetics/electro-mechanics, physics-informed structural connectome modeling (Kraft et al., 2012), and mechano-biological applications, this method could be readily used. Whereas, in other areas such as disease modeling, vasculature, neuro-pharmacology, and cancer modeling, we speculate the application of this method based on our perspective of the underlying numerical algorithms. This new perspective is also aided by the fact that the axonal fiber network is explicitly meshed -- enabling us to solve any partial differential equation on these discretized fibers. Some of the different ideas and examples that can benefit from this approach are proposed below:

**Chronic traumatic encephalopathy**: A major prospect of this approach is its capability in acting as a bridge for load transfer from the macro to micro length scales in human brain. The mechanical response, experienced by the individual axonal fiber tracts can be used as input conditions in cellular level models -- that can be used in improving our understanding of brain injury. For example, the mechanical response of the axonal fiber tracts can be used as input to high-resolution single axon models. These models can then be used in studying the dynamic response of microtubule bundles and the behaviour of tau proteins -- thus enabling us to understand the origin of neuropathological events and the resulting neurodegenerative disorders such as chronic traumatic encephalopathy (CTE) (Gavett et al., 2011; Ghajeri et al., 2017).**Electro encephalogram (EEG) applications**: Modeling the axonal tracts could provide high-resolution sources of electrophysiological activity in the brain and can be used in developing advaced electrophysiological models \-- thus allowing us to develop structure-function models (Bojak et al., 2010; Finger et al., 2016). These models could be very useful in developing more accurate description of electric field inside the skull -- thus producing a more accurate calculation of forward EEG solution (Bangera et al., 2010). Similar to mechanical behaviour, electromagnetic behaviour is shown to be anisotropic (Wolter et al., 2006), and this embedded element approach resolves this anisotropy. Apart from this, the introduction of mechanics into these electrophysiological models might also enable us in developing electromechanical models of axonal pathways and thus full head electromechanical models. These models might be useful in understanding the global electrophysiological deficits caused due to localized structural deformations.**Connectome modeling/computational neuroscience**: Some of the recent studies (Jirsa et al., 2010) used connectomics to model brain networks and used ad-hoc deletion of edges and nodes (Alstott et al., 2009) to account for the brain disruption under injurious conditions. However, the model produced here can be used in developing the capabilities of these neuro-computational models by introducing a physics-based approach for injury prediction (Kraft et al., 2012) -- and thus structural connectome analysis.**Mechanobiological applications**: The white matter informed anisotropic fiber reinforced brain models, when combined with diffusion based growth, might enable us to develop more accurate brain growth models -- thus predicting the evolution of axonal strain under these situations. One particular application of these growth models is the prediction of axonal damage during complex surgical operations such as decompressive craniectomy (Weickenmeier et al., 2016).**Neuro-disease modelling applications**: Some of the recent studies (Muñoz, 2013), have shown that the progression of some neuro-diseases might be understood more clearly by investigating the spread and buildup of certain proteins along axonal pathways present in the brain. The explicit fiber models, used here, could be used in developing dynamic disease spreading models using finite element and diffusion based techniques. These models might help us understand the propagation of neurodegenerative diseases - whose clinical understanding is currently limited by the inadequate knowledge of evolution and progression of these brain diseases.**Vasculature modeling**: As pointed out before, the embedded element technique is a mesh-superposition technique -- thus enabling us to incorporate FE meshes of highly complex structures into the brain mesh. Thus, this enables us to include the complex cerebral vasculature structure into the brain model -- which were shown to significantly affect the brain response in computational models (Hua et al., 2015). These models might also help us study the origin and evolution of vascular injury under extreme loading scenarios. These models might also be useful in studying the behavior of blood flow during injurious conditions -- thus enabling us to model the pathophysiology of drug therapies (Neuropharmacology).**Brain cancer modeling**: Previous research (Swanson et al., 2000) produced observations showing that glioma cells migrate quickly (faster growth) in white matter compared to grey matter (Jbabdi et al., 2005). The migration of these cells tend to prefer the direction of fiber tracts (Belien et al., 1999; Swanson et al., 2000; Yoshida et al., 2002; Giese et al., 2003; Jbabdi et al., 2005). Thus, growth models of these cells (modeled using diffusion principles) along the explicit axonal fiber tracts could prove to be a useful tool in analyzing the resulting mechanical deformations induced in the surrounding tissue. This could be particularly promising in surgical applications (Mori et al., 2002).

We should also note the possible connection between physical models of axonal injury and the modeling of functional deficiencies in brain dynamics. Previous efforts focused on modeling brain function, where some explored the role of structure (as given by diffusion tensor imaging) (Greicius et al, 2009; Honey et al., 2009) in the functional activity. In this way the embedded element method for structural connectomes could be combined with existing functional connectome models to elucidate possible brain structure-function relationships, which would be especially interesting for brain damage, *i.e*., the study of damaged connectomes. This would only be enabled by the explicit representation of axonal tracts (that form the brain networks), as is done in the embedded element approach.

Limitations {#sec1-4}
===========

While this method has several advantages, and could be used in different modeling approaches as discussed above, we should also be careful about its limitations including volume redundancy and interpenetration (inbiomechanical applications). An in-depth discussion on the limitations associated with this technique (and the ways in which these limitations can be addressed) was included in our publication (Garimella and Kraft, 2016).

Conclusion {#sec1-5}
==========

Computational modeling has been used to study a wide range of physics in the brain. However, as we gain more knowledge about how the brain works, we will need new methods that enable interconnected models. In this manuscript, we have provided some perspectives about how the embedded element method has the potential to connect these currently disjointed areas. This is made possible because of the explicit representation of axonal fiber tracts the embedded element enables. A model integrating these different approaches could enhance our understanding of the pathophysiology underlying the different brain injury or disease mechanisms -- resulting in the development of improved diagnostic tools and regeneration technologies.
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